Abstract : A new technique for the realisation of soft morphological filters based on the majority gate algorithm is presented in this paper. A pipelined systolic array architecture suitable to perform soft morphological filtering is also presented. The processing times of the proposed hardware structure do not depend on the data window size and the required silicon area is linearly related to the number of its inputs and the image resolution.
Introduction
Mathematical morphology is a powerful tool for solving image processing problems, such as image enhancement, noise removal, feature extraction, texture analysis etc. [7] . Morphological operations have been viewed as filters of which the properties have been studied [1] , [8] . Another well studied class of nonlinear filters are rank order filters [5] . Soft morphological filters are a combination of morphological and weighted rank been modified in order to be applied into morphological filtering, through replacement of the majority gate by max/min computation circuits [2] . In this paper a novel realisation of soft morphological filters based on the modified majority gate algorithm is presented. The architecture of the proposed hardware structure is scalable; its hardware complexity is linearly related both to the number of its inputs and image resolution. Also, its processing times do not depend on the data window size.
The rest of this paper is organised a s follows. Soft morphological operations are described in section 2. Section 3 presents the majority gate algorithm and its extension. A systolic array implementation for soft morphological filters is presented in section 4. Concluding remarks are made in section 5.
Soft Morphological Operations
In soft morphological operations the max/min operations, used in standard morphology, are replaced by weighted order statistics. Also, the structuring element B is divided into two subsets : the core A and the soft boundary B\A, where "\" stands for the set difference. In soft morphological dilation (erosion) of a function the pixels of the function are combined with the pixels of the structuring element as in traditional morphology; the results related to the soft boundary and to the core (repeated k times) are ordered in descending (ascending) sequence. The kth element of this sequence is the result of soft morphological dilation (erosion). Let {k ◊ f (x )} denote the k
The soft morphological dilation of a grey-scale image f by a soft grey-scale structuring element [á, â, k ] is defined as [6] : 
where ( ) ( ) z y z b + ∈ + ∈ A and B A \ .
From the above definitions it becomes clear that the computation of soft morphological dilation/erosion requires adders/subtractors. This should be followed by a circuit which computes the required order statistic of the results. A unit based on a median computation algorithm (to be described in the next section) has been used. In order to make this unit capable of computing any order statistic, dummy inputs have been introduced.
Algorithm Description
Suppose that there are W=2N+1 numbers x i of n -bit resolution, where 0 < ≤ i W and N is a positive integer number, of which the median value is required. The median m of numbers x i is :
where o j is the j th bit of the binary representation of m :
The following flags and intermediate signals are defined :
• r i,j is the rejecting flag signal, which indicates whether the number x i remains within the subset of the candidate numbers to be the median, in the j th step of the algorithm. When r i,j is "1" x i remains within the subset, otherwise x i is rejected. Once r i,j is set to "0" it remains constant in the successive stages. Also, the remaining bits b i,j are not taken into account. b i,j is the j th bit of the binary representation of x i .
• t i,j is the setting flag signal, which replaces the b i,j bits of the rejected numbers in the majority selection process. t i,j is set to the complementary value of the previous output bit o j -1 , when the number has been rejected. In this way, the number which has been rejected is pushed away from the median value. If the state of r i,j has not been changed to "0", the setting flag is in a "don't care" state.
• Table 1 . In this particular example the 4th order statistic of nine 4-bit numbers is computed (a "don't care" state is denoted by X).
Systolic Array Implementation for Soft Morphological Filtering

A systolic array for a (3 x 3) structuring element
A pipelined systolic array capable of computing soft grey scale dilation/erosion on a (3 x 3) image window using a (3 x 3) structuring element, both of 8-bit resolution, is presented in this section. The central pixel of the structuring element is its core, whereas the rest eight pixels are the soft boundary. The systolic array is shown in Figure 2 . The inputs to this array are the 9 pixels of the image window, the 9 pixels of the soft morphological structuring element and a control signal MODE. Latches (L1)
hold the image window, latches (L*1) hold the structuring element and latch (L**1) holds number k. Signal MODE is used to select the operation. When this is "1" soft dilation is performed, whereas when it is "0" soft erosion operation is performed. Image data is collected through multiplexers MUX1, which are controlled by the signal MODE. The pixels of structuring element remain either unchanged for the operation of dilation or they are complemented (by means of XNOR gates) for the operation of erosion. In the next stage of the pipeline, data is fed to nine adders. In the case of soft erosion the 2's complements of the pixels of the structuring element are added to the image pixels. This is equivalent to the subtraction operation.
When k > Card(B\A), the soft morphological operations are reduced and only the core of the structuring element is considered [9] . Therefore in order to preserve the nature of soft morphological operations, the constraint k≤min{Card(B)/2, Card(B/A)} is used. In this case k is in the range 1≤k≤4. Table 2 shows the number of the elements, contained in the list, as well as the number of the dummy elements. For soft dilation all the dummy inputs are pushed to the top, whereas for soft erosion they are pushed to the bottom. Thus, the appropriate result is obtained from the order statistic unit.
A control unit controls an array of multiplexers MUX2 (its input is number k). This is a decoder and its truth table is provided in Table 3 . It provides the input to the order statistic unit, either a dummy number or a copy of the addition/subtraction result of the core. The order statistic unit, consists of identical Processing Elements (PEs) separated by latches (L**4 to L**11).
The resolution of the latches which hold the addition/subtraction results or the dummy numbers (L3 to L11), decreases by one bit in each successive stage, since there is no need to carry the b i,j coefficients which have been already processed. On the other hand, the resolution of the latches which hold the result (L4* to L*11), increases by one bit in each successive stage.
For the realisation of the PEs, the definitions of section 3 are used. From these definitions and through logic operations (Karnaugh maps) the following equations for r i,j+1 , i i,j and t i,j+1 , are obtained :
where . , + , -and ⊗ stand for logic AND, OR, NOT and XNOR, respectively.
and
The circuit diagram of this PE, based on the above eqns, is shown in Figure   3 . In this Figure W'=4N+1; the 2N+1 inputs are the numbers x i , whereas the rest are the dummy inputs.
The threshold decomposition approach to soft morphological filtering in [9] for a 6 -bit image and structuring element requires a decoder, which inverters. Also, the majority gate requires two extra transistors. Furthermore, due to the simplicity of the PE (there are only three stages of gates including the inverters), the processing element can attain very short processing times, independent of the data window size. Thus, it is obvious that the technique described in this paper is superior both in terms of silicon area and speed.
Order statistic unit hardware requirements for other structuring elements
In this subsection the hardware requirements for the order statistic unit of other structuring elements are presented. The rest of the circuitry consists of a number of adders/subtractors equal to the number of pixels of the structuring element. Figure 4a illustrates a cross-shaped structuring element.
The shaded area represents the core, whereas the rest represents the soft boundary. In this case : Card(B)=5, Card(A)=1, Card(B\A)=4 and k ≤ min{2.5, 4}, i.e. 1 ≤ k ≤ 2. Figure 4b illustrates the position of the dummy numbers in soft dilation for k =1 and k=2. Figure 4c illustrates the position of the dummy numbers in soft erosion.
The next example illustrates a more complex situation. 
Conclusions
Soft morphological filters form a new class of nonlinear filters and only a few designing methods exist. The reported threshold decomposition technique becomes prohibitively expensive when typical images (8-bit resolution) are processed. In this paper a new systolic array architecture (based on the majority gate) suitable to perform soft morphological filtering has been presented. The processing times of the proposed hardware structure are independent of the data window size and its hardware complexity is linearly related both to the number of its inputs and the resolution of the image. arrangement of the dummy numbers in soft morphological erosion using the same structuring element.
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